
JOURNAL OF GUIDANCE, CONTROL, AND DYNAMICS
Vol. 21, No. 4, July-August 1998

Neal-Smith Criteria-Based HOC-Modeling Technique
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Norihiro Goto*
Kyushu University, Fukuoka 812-8581, Japan

The Neal-Smith (Neal, T. P., and Smith, R. E., "An In-Flight Investigation to Develop Control System Design
Criteria for Fighter Airplanes," Air Force Flight Dynamics Lab., AFFDL-TR-70-74, Vols. 1 and 2,1970) criteria
for assessing handling qualities of highly augmented aircraft are rewritten in terms of HOC-norms to arrive at
a mixed-sensitivity performance index. The pitch attitude control is formulated as a mixed-sensitivity problem,
which is solved by the model matching technique in the framework of the HOC-control theory to yield H^ -optimal
pilot models. It is shown that the obtained H^ -optimal complementary sensitivity function meets the Neal-Smith
criteria so perfectly that the task difficulty is exhibited solely by the HOC-optimal pilot models. Surveying all of
the flight configurations of the Neal-Smith flight test, a method using the maximum gain gradient and the phase
at a particular frequency of the HOC-optimal pilot model is proposed to correlate pilot ratings with the pilot
compensation efforts.

Introduction

H ANDLING qualities specifications for highly augmented air-
craft can no longer be based on their basic dynamics, but rely

heavily on closed-loop analyses of pilot-aircraft systems. Attempts
at correlating pilot ratings with the quantities resulting from the
closed-loop analyses have yielded important relationships between
pilot ratings and pilot compensation efforts, culminating in the well-
known Neal-Smith criteria.1 The criteria state that pilot rating is
primarily a function of the pilot's compensation required to achieve
good low-frequency performance and the closed-loop oscillatory
tendencies that result. In the original work by Neal and Smith,1

the pilot compensation required to meet the criteria is found on the
Nichols chart by adjusting the gain and the lead-lag time constants
of a simple pilot transfer function model. Thus, the determination of
the pilot-related parameters depends on the researcher's graphical
skill and insight into the system. Despite all of the efforts to en-
hance usefulness of Neal and Smith's work,2"4 the works based on
assumed pilot transfer functions have incurred difficulties in finding
the pilot compensation uniquely.

One way to cope with the difficulties is to employ the optimal
control approach to modeling the pilot loop closures.5 In this ap-
proach, a stochastic optimal control problem with a performance
index of the quadratic form is solved to yield an optimal control
model (OCM) of the pilot including a Kalman filter as the state esti-
mator. The OCM in turn may lead to the unique determination of the
pilot compensation. It has been shown that with proper modeling the
magnitude of the model's cost function correlates with subjective
rating in a variety of tasks,6 and the optimal pilot compensation and
the optimal closed-loop parameters may duplicate Neal and Smith's
results.7 Although past works try to reflect the Neal-Smith criteria
in their resulting OCMs, the performance index itself is not a mani-
festation of the criteria. Furthermore, the robustness implied by the
criteria is not well addressed in the conventional OCM approach.
Because the Neal-Smith criteria describe the standard of perfor-
mance that the pilot is trying to achieve for a required tracking task,
a performance index can be formed out of the criteria.

Drawing on these past works, an attempt was made at rewriting
the Neal-Smith criteria in terms of H^ norms to yield a mixed-
sensitivity problem.8 The problem was solved in the framework
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of the //oo-control theory to obtain H^-optimal pilot models. It
is shown in Ref. 8 that the phase compensation at the bandwidth
frequency of the H^ -optimal pilot model correlates well with pilot
ratings for the configurations in the Neal-Smith flight test with large
short-period mode damping ratios, but it does not for the configu-
rations with small short-period mode damping ratios.

This paper's objective is, therefore, to pursue the pilot com-
pensation indices that correlate better with pilot ratings. The H^-
modeling approach based on the Neal-Smith criteria is first sum-
marized. As a result of the H^ -optimal pilot modeling survey of the
Neal-Smith flight test, a pair of pilot compensation parameters is
then proposed as the indices capable of clearly dividing pilot ratings
into three levels.

Neal-Smith Criteria and an H^ -Performance Index
Figure 1 shows the pitch attitude tracking feedback system treated

by Neal and Smith. The pilot transfer function is denoted by Yp(s)
and the aircraft transfer function by H (s), which is the pitch attitude
response 9 to an elevator stick force input Fs, including a flight
control system (PCS). Define the following closed-loop transfer
functions.

Sensitivity function:

1
Yp(s)H(s)

Complementary sensitivity function:

YP(s)H(s)__ nr

(1)

(2)

where s is the Laplace transform parameter. Using T, the Neal-
Smith criteria can be itemized as follows.

1) Bandwidth (BW) &>,,

>3.0rad/s

>3.5rad/s

for

for
(3)

where Vind denotes the trimmed indicated airspeed and BW is the
frequency at which the phase angle of T = —90 deg.

2) Minimize the low-frequency droop of T, or desirably

|7|>-3dB for a) < coh (4)

3) Minimize the resonant peak in the high-frequency range, or

minimize \T|max for co > a)/, (5)
656
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Fig. 1 Pitch attitude tracking feedback system.
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Fig. 2 Neal-Smith criteria.

These criteria are shown in Fig. 2. The low-frequency requirement
for T, inequality (4), is concerned with the tracking performance.
If the performance is interpreted as the mean square value of 6e
of Fig. 1, i.e., #e

2, to the mean square value of a random input 0C, i.e.,
0C

2, the performance is limited by supJS(yw)|2 (Ref. 9).
Therefore, criterion 2 is replaced by the criterion

minimize \S\n for CO < (6)

Because criterion (6) does not guarantee that the droop should be
minimized, shaping of | T \ is taken into consideration through the
related weighting function as described later.

Putting these requirements (3), (5), and (6) together, a perfor-
mance index can be proposed to represent the Neal-Smith criteria
as

(7)X2= inf
stabilizing Yp(j(o)

where X is the optimal value of the performance index and

V(jco) and W(jco) are suitably chosen weighting functions with the
roles of shaping S and T and separating a low- frequency range from
a high-frequency range. The problem to find an optimal controller
in the sense of Eq. (7) is a mixed-sensitivity problem to be solved
in the framework of the H^ -control theory.

Weighting Functions
Because the weighting functions V(jco) and W(jco) have to ex-

press the implications of the Neal-Smith criteria, they must be cho-
sen carefully. Explicitly, they are required to shape S and T in such
a way that

\S(JQ))\ < IV

\T(ja>)\ <

< D for co < a

for co > cob

(8)

(9)

In inequality (8), the upper bound D is required to be as small as
possible. However, this condition has turned out to be too stringent
for the numerical work to follow. D is set here equal to >/2 by
a trial-and-error estimation so that the resulting pilot model has a
reasonable gain level.10 Minimizing the droop is taken care of by
shaping T through the weighting function W. The requirement (8)
for V(jco), the requirements (5) and (9) for W(jco), and the require-
ment that V(jco) and W(jco) must be capable of distinguishing a

BW,
rad/s

3.0
3.5

Configurations

1A-5E
6A-8E

VI
TV I

0.660
0.571

»
*V2

0.333
0.286

KW

0.12
0.08

W(s)
$w

0.71
0.71

(Ob

3.0
3.5

low-frequency range from a high-frequency range with the boundary
frequency of coh can specify the conditions for V(jco) and W(jco)
as follows.

1) For V(jco), a) the break frequency is CD/,, and b) | V~{(jco)\ <
for co < a)b\ however, | V~l (jco)\ can be large for oo > coh, and,

therefore, the relative degree of V(s) > 0.
2) For W(jco), a) \W~l(jco)\ should be as small as possible be-

yond coh and should be as flat as possible below coh, and b) from the
properness of various functions that appear in the process of apply-
ing the model matching method, to be explained later, the relative
degree of W~l (s) < the relative degree of H(s).

The choice of the weighting functions compatible with these
conditions is not unique. As a result of testing several combina-
tions of the weighting functions,8'10'11 the following forms are se-
lected here inasmuch as these may yield the results well satisfying
the Neal-Smith criteria, and they are simple and relatively easy to
handle:

Tv2S •

Ty.S
(10)

W(s) = (11)

The parameter values can be determined in the following way.
From condition la,

TV2 =

and from condition Ib,

Therefore,

From condition 2a,

TV, =
<*>b

cow = coh

(12)

(13)

(14)

(15)

The parameter t;w is selected so that \W~l(jo))\ shows no peak
above &>/,, and the actual value KW is determined so that the phase
angle of T = —90 deg at a)b. The parameter values actually used
in the analysis are shown in Table 1 for two kinds of the bandwidth
frequency, each corresponding to the respective indicated airspeeds
employed in the flight test by Neal and Smith. The gain diagrams of
Eqs. (10) and (11) will be shown later together with the analytical
results.

Solution Technique
The model matching technique is primarily used to solve the

mixed-sensitivity problem of Eq. (7). In this technique, the con-
trolled element H(s) first undergoes the coprime factorization as

H(s) = N(s)/M(s) (16)

Then, using the stable, proper and real-rational solutions X and Y
to the Bezout equation,

N(s)X(s) + M(s)Y(s) = (17)

the controller Yr (s) that achieves internal stability is given by the
Youla parameterization as

(18)
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where Q is an unknown parameter to be determined so as to be
//oo-optimal. The use of Eqs. (16) and (18) reduces the sensitivity
function and the complementary sensitivity function to

Table 2 Neal-Smith flight test configuration summary

S(s) = M(Y -NQ) (19)

(20)

Equations (19) and (20) are substituted into Eq. (7) to have the
performance index

minimize || 7\ — TI Q ||c (21)

where T\ and TI are stable and real-rational functions made up of
the plant and the weighting functions. This is a model matching
problem, the solving procedure of which is well developed.9-12

A few points are to be noted in actually analyzing the H^ -optimal
problem. First, the condition on the model matching technique that
the plant H(s) be free of poles or zeros on the imaginary axis is
approximately satisfied by perturbing them slightly to the left-half
plane of s: the pole s = 0 of H(s) in Fig. 1 is replaced by s =
—s (s > 0, small). Second, an improper solution Q to the problem,
which may arise from the employment of the weighting functions
of the form of Eqs. (10) and (11), is interpreted here as the human
pilot's exerting higher-order phase-lead compensation. Finally, the
time delay term, exp(—rs), inherent in the pilot transfer function
Yp(s), is first regarded as part of the plant H(s). After finding an
//oo-optimal controller G(s) that does not include the delay term,
the delay term is restored to its initial position, as implied by the
following open-loop transfer function:

where

L(s) = Y p ( s ) H ( s ) = (G(s)e-TX)H(s)

= G(s)H(s)

H(s) = H(s)e~

(22)

The actual analysis makes use of the Fade approximation instead of
the transcendental function and employs the value of r of Ref. 1 as

exp(—rs) =
1 - (rs/2)
1 + ( r s / 2 )

r = 0.3s

(23)

(24)

Rigorous handling of the delay term is possible. In fact, Refs. 10 and
11 give such an attempt, showing that the effect of the approxima-
tion of Eq. (23) is very small in the frequency range of interest, the
uppermost frequency of which is around 10 rad/s for such a manual
control system as under consideration. Reference 8 includes a com-
parison of the results between the model matching technique and
Kwakernaak's technique,13 which also requires a rational function
approximation of a transcendental term in the plant. Note also that
Ref. 10 includes a comparison between experimental pilot describ-
ing functions and corresponding H^-pilot models.

j^oo-Pilot Models
The aircraft transfer function treated here is given by

H(s) = He(s)HF(s) (25)

where constant-speed transfer function of the pitch attitude to stick
force is

(26)

(27)

and the PCS transfer function is

HF(s) = —————-r

Combinations of the parameters in Eqs. (26) and (27) and the flight
configuration number assigned to each combination are summarized

Configuration I/TI 1/T#2

1A
IB
1C
ID
IE
IF
1G
2A
2B
2C
2D
2E
2F
2G
2H
21
2J
3A
3B
3C
3D
3E
4A
4B
4C
4D
4E
5A
5B
5C
5D
5E
6A
6B
6C
6D
6E
6F
7A
7B
7C
7D
7E
7F
7G
7H
8A
8B
8C
8D
8E

0.5
2.0
2.0
oo
00
00
oo
2.0
2.0
5.0
oo
00
00
oo
00
00
00
00
00
00
00
00
oo
oo
00
00
oo
00
00
oo
00
oo
0.8
3.3
oo
00
00
00
3.3
8.0
00
oo
00
oo
00
00
00
00
00
00
00

1.25
1.25
1.25
1.25
1.25
.25
.25
.25
.25
.25
.25
.25
.25
.25

1.25
1.25
1.25
1.25
1.25
1.25
1.25
.25
.25
.25
.25
.25
.25
.25
.25

1.25
1.25
1.25
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4

1/T2

2.0
5.0
5.0
00
5.0
2.0
0.5
5.0
5.0
12.0
oo

12.0
5.0
5.0
2.0
2.0
0.5
oo

12.0
5.0
2.0
0.5
00

12.0
5.0
2.0
0.5
oo

12.0
5.0
2.0
0.5
3.3
8.0
oo
8.0
3.3
0.8
8.0
19.0
oo

19.0
8.0
3.3
2.0
0.8
00

19.0
8.0
3.3
0.8

*W&P
2.2/0.69
2.2/0.69
2.2/0.69
2.2/0.69
2.2/0.69
2.2/0.69
2.2/0.69
4.9/0.7
4.9/0.7
4.9/0.7
4.9/0.7
4.9/0.7
4.9/0.7
4.9/0.7
4.9/0.7
4.9/0.7
4.9/0.7
9.7/0.63
9.7/0.63
9.7/0.63
9.7/0.63
9.7/0.63
5.0/0.28
5.0/0.28
5.0/0.28
5.0/0.28
5.0/0.28
5.1/0.18
5.1/0.18
5.1/0.18
5.1/0.18
5.1/0.18
3.4/0.67
3.4/0.67
3.4/0.67
3.4/0.67
3.4/0.67
3.4/0.67
7.3/0.73
7.3/0.73
7.3/0.73
7.3/0.73
7.3/0.73
7.3/0.73
7.3/0.73
7.3/0.73
16.5/0.69
16.5/0.69
16.5/0.69
16.5/0.69
16.5/0.69

*Wfc
63.0/0.75
63.0/0.75
16.0/0.75
75.0/0.67
63.0/0.75
63.0/0.75
63.0/0.75
63.0/0.75
16.0/0.75
63.0/0.75
75.0/0.67
63.0/0.75
63.0/0.75
16.0/0.75
63.0/0.75
16.0/0.75
63.0/0.75
75.0/0.67
63.0/0.75
63.0/0.75
63.0/0.75
63.0/0.75
75.0/0.67
63.0/0.75
63.0/0.75
63.0/0.75
63.0/0.75
75.0/0.67
63.0/0.75
63.0/0.75
63.0/0.75
63.0/0.75
63.0/0.75
63.0/0.75
75.0/0.67
63.0/0.75
63.0/0.75
63.0/0.75
63.0/0.75
63.0/0.75
75.0/0.67
63.0/0.75
63.0/0.75
63.0/0.75
63.0/0.75
63.0/0.75
75.0/0.67
63.0/0.75
63.0/0.75
63.0/0.75
63.0/0.75

Pilot
rating

2-6
3-3.5
2-5
3-5
6
8

8.5
4-4.5
2.5-6

3
2.5-3

4
3
7

5-6
8
6

4-5
4.5
3-4
4
4

5-5.5
7

8.5
8-9
7.5
5-7

7
7-9

8.5-9
8

5-6
1-4

2.5-5
5.5

5.5-8.5
6-10
2-5

3
1.5-4
5.5
5-6
3-7
5-6
5

4-5
3.5

3-3.5
2-4

2.5-5

in Table 2 together with the pilot ratings given by the evaluation
pilots of the Neal-Smith flight test.1

Using the weighting function of Eqs. (10) and (11) and two sets of
their parameter values shown in Table 1, H^ -pilot models have been
computed for all of the flight configurations of Table 2. Figure 3a
shows the results of T, W~l, S, V~\ and L for a)h = 3.0 rad/s
and Fig. 3b for &>/, = 3.5 rad/s. Note that the property of the aircraft
transfer functions' having no right-half plane zeros makes the results
of Figs. 3a and 3b dependent exclusively on the given weighting
functions; the results of Figs. 3a and 3b are independent of the flight
configurations. It can be seen from Figs. 3a and 3b that the Neal-
Smith criteria are well satisfied and the open-loop transfer functions
L(jco) match quite well with the crossover model.14

Figure 4 shows typical examples of the H^-optimal pilot models:
those for the flight configurations IF, 2D, 3A, and 5C of Table 2.
Compared with the flight configuration 2D, which enjoys almost the
best pilot rating, IF is more of the low-frequency lead type, 3A is
more of the mid-frequency lag type, and 5C is rather of the second-
order lead type. The second-order lead control feature of 5C has been
found common to all of the configurations of series 4 and 5. It can
be shown analytically that this peculiar feature is primarily caused
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by the short-period mode damping ratio £sp, where fsp = 0.28 for
the series 4, and £sp — 0.18 for the series 5, whereas £sp = 0.6-0.73
for the series 1-3 and 6-8. It should be emphasized that this pilot
compensation of the second-order lead type is brought about by the
requirement to meet the Neal-Smith criteria of the form of Eq. (7),
and it may hardly be expressed by the original Neal and Smith's
simple pilot transfer function of the first-order lead-lag type.

As noticed from Fig. 4, however, the //co-pilot models obtained
from the performance index of Eq. (7) do not show a first-order
rolloff characteristic that is the high-frequency feature inherent in
human pilots. This is because the performance index of Eq. (7)
does not include a control-rate related term that the standard OCM
approach has to account for the neuromuscular lag. It is emphasized
here that in this work a pilot model is sought in a frequency range
below about 10 rad/s that yields the closed-loop dynamics in the
sense of Eq. (7) regardless of whether or not the model is strictly
indicative of human behavior. The required compensation efforts
manifested by this model will then be used as a metric to assess
pilot rating. An attempt at developing an H^ -pilot model with high
fidelity is seen in Ref. 15, which includes a control-rate related term
in the H^ -performance index. It is a work for the future to combine
the approach of Ref. 15 with that of this work.

Correlation with Pilot Ratings
Based on the H^ approach to modeling the human pilot described

thus far, an attempt is made here at correlating pilot ratings with the
pilot compensation efforts reflected in the H^ -optimal pilot models.
Neal and Smith1 used the pilot's phase compensation, exclusive of
the time delay effect, at the BW frequency and the magnitude of the
resulting resonant peak as the measures for dividing Cooper-Harper
pilot ratings into three levels: level 1, 1.0-3.5; level 2, 3.5-6.5;
and level 3, 6.5-10.0. In this H^ approach, however, the resulting
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Fig. 4 Bode diagrams of HQQ -optimal pilot models for configurations
IF, 2D, 3A, and 5C.

5 and T satisfy the Neal-Smith criteria so well that a resonant
peak does not show up. Moreover, the H^-optimal S and T depend
only on the employed weighting functions irrespective of the flight
configuration, as stated earlier. Therefore, pilot rating must be a
function of only the pilot compensation manifested by the H^-
optimal pilot model.

Following the Neal and Smith's work, it is first attempted to cor-
relate pilot ratings with the phase compensation of the H^-optimal
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pilot model at the BW frequency including the time delay term
LYp^. The reason for the inclusion of the time delay term is that
the BW frequency for the configurations 1A-5E is not the same as
that for the configurations 6A-8E, and, therefore, the phase lag due
to the delay term is different between the two groups. Because the
pilot compensation reflects pilot time delay in addition to the aircraft
dynamics as Eq. (22) implies, it should be more indicative of the
pilot's phase compensation to include the delay term. The result is
given in Fig. 5, in which each pilot rating is the arithmetic mean of all
of the ratings given to the particular configuration. Figure 5 shows
that for the flight configurations with relatively large short-period
mode damping ratios, pilot ratings change almost linearly for the
worse as LYP1^ goes farther away from the point of about —50 deg
where the flight configuration 2D is situated. On the other hand,
for the flight configurations with relatively small short-period mode
damping ratios, 4A-5E, no such tendency can be seen. Looking
back at Fig. 4, where the H^-optimal pilot model for 5C is shown
as a typical example for the series 4 and 5, it turns out that the pecu-
liar gain feature of the second-order lead type can be another factor
showing the pilot compensation efforts. Taking into consideration
that the pilot is a nonminimum phase controller, not only phase
properties but also gain properties need to be used to characterize
the controller. For this reason, another measure is introduced here
to represent the gain properties of the //oo-optimal pilot model: the
maximum gain gradient of the //oo-optimal pilot model within the
frequency range of interest, denoted as

max[A|FJ/Alog&>], dB/dec (28)

In the actual analysis for the flight configurations of Table 2, the
frequency range of interest was specified as below 10 rad/s for the
series 1-7 and below 16.5 rad/s (=a>sp) for the series 8.

Figure 6 shows the result of dividing pilot ratings into three levels
with the introduction of the two measures of the pilot compensation
efforts, LYP ^ and max[A|Fp|/Alogo;]. The boundaries between

<s |<
^A 2E £
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; ^Level 1
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20 40 60 80 100-100 -80 -60 -40 -20

Fig. 7 Pilot ratings in the plane of the pilot's maximum gain gradient
vs phase compensation at cjsp.

levels in Fig. 6 are arbitrarily chosen so that the number of flight
configurations in each level is maximized.

Earlier, it was pointed out in Ref. 16 that the pilot's control ac-
tion is concentrated in power on the characteristic modes of the
aircraft motion. Although Ref. 16 treats lateral-directional controls
of aircraft, the same can be said about longitudinal controls. For
the system under consideration, the characteristic mode is the short-
period mode. In fact, the frequency responses of the //oo-optimal
pilot models exhibit characteristic changes around the short-period
mode natural frequency &>sp as can be seen from Fig. 4. Based on this
idea, pilot ratings are plotted in the plane of maxtAI^I/Alogw]
vs LYp}^ instead of LYp^. The result is shown in Fig. 7, which
reveals a correlation pattern similar to that of Fig. 6. To general-
ize this idea, however, the characteristic mode on which the pilot
concentrates the control power has to be known a priori. It may
depend on the flight mission and/or phase, making it necessary to
ascertain the characteristic frequency by various flight experiments
or simulations.

Conclusion
The Neal-Smith criteria proposed to find the pilot compensation

required to achieve the standard of performance for a tracking task
are rewritten in this work into a mixed-sensitivity performance in-
dex of the //oo-control theory. The //oo-optimal problem is solved by
the model matching technique to yield //oo-optimal pilot models for
the flight test configurations of Neal and Smith.1 The //oo-optimal
complementary sensitivity function satisfies the Neal-Smith criteria
so perfectly that the task difficulty is exhibited solely by the //oo-
optimal pilot models. Surveying all of the flight configurations of
the Neal-Smith flight test, a method using the maximum gain gradi-
ent and the phase at a particular frequency, the bandwidth frequency
or the short-period mode natural frequency, of the //oo-optimal pi-
lot model is proposed to divide pilot ratings into three levels. The
method is promising, and its application to other flight test results
is desired to be made in the future.
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